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This paper reports the findings from a study that applies wall-resoled large-eddy simulation to investigate
flow separation over the NASA wall-mounted hump geometry. Despit its conceptually simple flow configu-
ration, this benchmark problem has proven to be a challenging testase for various turbulence simulation
methods that have attempted to predict flow separation arising fom the adverse pressure gradient on the aft
region of the hump. The momentum-thickness Reynolds number ohie incoming boundary layer has a value
that is near the upper limit achieved by recent direct numerical simuldion and large-eddy simulation of in-
compressible turbulent boundary layers. The high Reynolds numbebf the problem necessitates a significant
number of grid points for wall-resolved calculations. The present sirnlations show a significant improve-
ment in the separation-bubble length prediction compared to Reynlols-Averaged Navier-Stokes calculations.
The current simulations also provide good overall prediction of the kin-friction distribution, including the
relaminarization observed over the front portion of the hump due © the strong favorable pressure gradient.
We discuss a number of problems that were encountered during theourse of this work and present possible
solutions. A systematic study regarding the effect of domain sparsubgrid-scale model, tunnel back pres-
sure, upstream boundary layer conditions and grid refinement is pgormed. The predicted separation-bubble
length is found to be sensitive to the span of the domain. DespitedHarge number of grid points used in the
simulations, some differences between the predictions and experantal observations still exist (particularly
for Reynolds stresses) in the case of the wide-span simulation, giggting that additional grid resolution may
be required.

[. Introduction

Smooth-body flow separation is an important problem of jcattnterest, due to its appearance in many tech-
nological applications. The problem involves a boundaygtattached to a solid surface, which becomes detached
from the surface after interaction with an adverse presgua@ient generated by a change in body contour or the pres-
ence of a shock. This phenomenon commonly occurs in flowsawenaft wings, helicopter rotors, turbomachinery
blades and high-lift configurations, to name a few. Sepamaiften leads to increased aerodynamic drag, stall and re-
duced system performance. Such separated flows are ggribffedult to predict because they involve high Reynolds
number turbulence. These high Reynolds number flows have traditionally studied using techniques such as
Reynolds-Averaged Navier-Stokes (RANS) calculationd]-madeled large-eddy simulations (WMLES) or hybrid
RANS-LES type approaches. In the case of RANS, availableutance models commonly fail to properly account
for non-equilibrium effects in separated flows, and theeefeave room for improvement. An example demonstrating
the failure of RANS in a low-speed flow separation problemlpafound in the paper by Rumsey etalhe problem
involves a wall-mounted hump geometry, also known as the AASmp, representative of the upper surface of an
airfoil, as depicted in Figuré(a). The aft portion of the hump generates an adverse peegsadient, which causes
boundary layer separation @afc ~ 0.665 and flow reattachment further downstreamgat ~ 1.11. Figurel(b)
depicts the failure of RANS in the prediction of separatiipble length, which is overestimated by ab®&ffo.

The same benchmark problem has also been studied using WMLES<ee the studies of Avdis et &5hur et
al.* Park® Duda and Fare$lyer and MalikK). In WMLES, the critical near-wall region of the turbulentwwlary
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(a) Experimental model. (b) Skin friction predicted by RANS.

Figure 1. NASA wall-mounted hump experiment.

layer is modeled, rather than resolved, to avoid stringeidtrgsolution requirements. Despite generally promising
results from these studies, the overall success of WMLES edepit can be characterized as mixed at best. The
success or failure of WMLES in separated flows strongly depemdthe accuracy of the wall model employed in
the near-wall region. While wall models have been proposeddth equilibrium and non-equilibrium conditions,
the true performance of some wall models is hard to assess sarttain critical information, such as surface skin-
friction distribution, is not always provided or grid comgence of the solution is not clearly demonstrated. From
aerodynamic considerations, the skin-friction distritmtis one of the most important quantities and WMLES usually
does not yield satisfactory results for this quantity. Téeent study by lyer and Malfkshowed in particular that for
the NASA wall-hump problem, the skin friction predicted bWAMLES based on an equilibrium wall model needed
improvement. For the current configuration, there is alsegéon of strong favorable pressure gradient over the front
part of the hump, where RANS and WMLES both tend to yield ina&teuskin-friction distributions.

There have also been studies of the wall-mounted hump problevhich traditional LES was applied without
any wall models (e.qg., see the studies by You €t ahd Franck and Colonitls However, careful examination of
these studies reveals that the near-wall grid resolutiomsat sufficient. In particular, the boundary layer resolut
in wall units reported by You et & .cannot be attained with the number of grid points used (abaunillion points
total) and therefore, is in error. As will be discussed, amotre grid points are needed for a wall-resolved simulation
at high Reynolds number. Even though these prior studies tegorted some encouraging results, we believe that the
practice of performing an LES using an under-resolved giidout wall modeling is ill-founded because the near-wall
region of the boundary layer has to be modeled if the gridlugiem is not sufficient to properly resolve that region.

A survey of the current literature confirms the lack of welsolved turbulence simulations for complex separated
flows at high Reynolds number. To our knowledge, for the NAS#np problem, the best-resolved simulation prior
to the current work is the coarse-grid “DNS” performed by tPaad Fasel® This DNS is labeled “coarse-grid”
because the resolution in wall units is more in line with alwesolved LES (WRLES) rather than DNS. A total of
210 million points were used in their DNS with a relatively smglanwise domain df.142¢, wherec is the hump
chord length. Despite reasonable overall agreement, #ndighed separation-bubble length was found to be larger
than that in the experiment. A more recent WRLES was conddotettie same problem by Yeh et This WRLES
was performed at half the experimental Reynolds number and §panwise domain @f2¢, using93 million grid
points. The predicted separation-bubble length was ldahgar the experimental measurement by al20dt.

Well-resolved simulations of complex separated flows ary vare in the literature mainly because of the ex-
tensive computational resources required. To addressi¢fisiency and generate detailed data needed for a better
understanding of the problem at hand, WRLES of the NASA hurmglenark test case is performed using ugio
million grid points in the present work. A systematic stuégarding the effect of domain span, subgrid-scale (SGS)
model, tunnel back pressure, upstream boundary layer tiomsland grid refinement on the results is performed. As
will be seen, the separation-bubble length is found to beigeato the span of the computational domain. This paper
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will discuss the main problems that were encountered duhiegourse of this work and present viable solutions.

II. Computational Methodology

The code used in the present study solves the unsteady Hidg-dimensional compressible Navier-Stokes equa-
tions discretized on multi-block structured and oversatgrA turbulence simulation can be run in the form of direct
numerical simulation (DNS), large-eddy simulation (LE8¢Jayed detached eddy simulation (DDES) or unsteady
Reynolds-Averaged Navier-Stokes (URANS) calculation.

The code employs an optimized prefactored fourth-orderpemnfinite-difference scherteto compute all spa-
tial derivatives. This optimized scheme offers improvespérsion characteristics compared to standard sixth- and
eighth-order compact schem¥s To eliminate spurious high-frequency numerical oscitlasi that may arise from
several sources (such as grid stretching, unresolved #itiohis and approximation of physical boundary conditions)
and ensure numerical stability during the simulation, weoamploy a sixth-order compact filtering schethé?
The overset-grid capability is useful in meshing complegrgetries and avoiding grid-point singularities. To main-
tain high-order accuracy throughout the entire computalidomain, we perform a sixth-order accurate explicit La-
grangian interpolatioff whenever overset grids are used. A Beam-Warming type appabely factorized implicit
scheme is used for the time advancenténtlore details of the simulation methodology are given intedgpublica-
tions18-21 Successful applications of the methodology to some waliabed flow problems can be found in papers
by Uzun and coworker:22:23

lll. Test Case: Flow Separation Over NASA Wall-Mounted Hump

The test case studied in this paper involves low-speed flparation over a wall-mounted hump geometry, also
known as the NASA hump, representative of the upper surfhaa airfoil, as depicted in Figur&a). In the follow-
ing sub-sections, we provide a description of the expertalesetup and computational modeling, discuss the main
problems encountered and examine the simulation results.

A. Experimental Setup and Computational Modeling

An experimental investigation of the NASA wall-mounted hurdepicted in Figuréa, was conducted by Greenblatt
et al?> The reference length scale is taken as the hump chord length420 mm. The Reynolds number based on
freestream velocity and chord length has a valu®&ef ~ 936, 000. As will be discussed, there is some uncertainty
regarding the momentum-thickness Reynolds number of tbemimg boundary layerRey, measured about two
chord lengths upstream of the hump. The experimental sttidinally reported a value aRey = 7200. Our estimate
for this parameter iRRey ~ 6454, as discussed in sectioh .B.1. Regardless of the exact value, sughy values
are relatively high from a computational point of view, as thighestRe, achieved by DN&' and WRLES® for
incompressible turbulent boundary layers at the time @ #hiiting is 6500 and 8300, respectively. Because of the
high Rey, a significant number of grid points is needed for the wadlbteed calculations in the present study.

The freestream Mach number upstream of the huntplis The experimental setup includes end plates attached
to the model as depicted in Figui@. Modeling of these end plates in a wall-resolved simufatimuld prove
computationally very expensive. The simulations thewefme a periodic spanwise domain. The simulations consider
two spans of).2c and0.4¢c. The distance between the end plates in the experimdntds The flow blockage effect
caused by the end plates in the experiment causes additiowahcceleration over the hump. A specially contoured
top wall that mimics this effect is therefore used here. Fgidepicts the main features of the problem under
investigation and also shows the specially contoured tdp Wéore details can be found on the NASA Turbulence
Modeling Resource website at: http://turbmodels.lasangov/nasahumyal.html 2. The experimental chord-based
Reynolds number is matched exactly in all simulations. A§lvé discussed, the experimental Mach number is also
matched exactly in the narrow-span case, but is increase for the wide-span case to speed up the calculations
since the computational cost increases with decreasindgy Mamber for our compressible flow solver. Further details
of the simulations are provided in sectibhC.

a\Website last accessed 25 October 2016.
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Figure 2. Main features of the NASA hump problem depicted in tems of instantaneous normalized streamwise velocity contos. (Only
part of the full streamwise extent of the computational domén is shown.)

B. Problems Encountered

Before examining the computational results, we discusswen of important problems that were encountered during
the course of this work and present possible solutions.

1. Experimental Incoming Boundary Layer Details

The first problem is concerned with the details of the incardoundary layer measured atc = —2.14 in the
experiment, where: denotes the streamwise distance measured from the humpdezdbe (located at/c = 0).
Although the experimental stuélpriginally reported a momentum-thickness Reynolds nunaeRe, = 7200 at
that location, the momentum-thickness integral of the medacity profile obtained from a RANS calculation (that
matches the experimental mean velocity préfii@rovides a lower value aRey ~ 6454. The comparison between
this RANS mean velocity profile and the experimental measert is shown in Figur8. Moreover, the experimental
skin-friction measuremefittaken atr/c = —2.14 provides a normalized friction velocity value of /u., ~ 0.0378.
The corresponding Reynolds number based on the experiemiadary layer thickness and friction velocity is
Re, =~ 2225. For a canonical flat-plate turbulent boundary layer, thidibn velocity corresponds t&es ~ 5000.
Flat-plate turbulent boundary layer data available from®Nand WRLES® were examined to determine thi,
corresponding to the reported skin-friction velocity. g4 shows the flat-plate turbulent boundary layer profiles
from these DNS and LES f&000 < Rey < 7000 in the form of mean streamwise velocity and streamwise tartne
intensity, and the comparison with the experimental meamant. We see that none of the computational profiles are
an exact match to the experimental profile. These findinggestghat the boundary layer upstream of the hump in
the experiment (at/c = —2.14) is perhaps not precisely a flat-plate turbulent boundayrgrla

Given this uncertainty in upstream boundary layer cond#jove considered two options for the simulations.
The first option is to match the reported upstream skin @icin the experiment and hence &ty = 5000 for the
incoming boundary layer upstream of the hump. A turbulefibim generation technique that generates a canonical
flat-plate turbulent boundary layer &y = 5000 can be employed for this purpose. The second option is to take
the mean velocity profile available from RANS and add theulebt fluctuations to this mean profile using an inflow
generation technique. We use only the first option for theawasspan calculation but explore both options for the
wide-span case. For the turbulent inflow generation, a 8peersion of the rescaling-recycling technique, discdsse
in Uzun and Hussairf€ is used. This inflow generation method is additionally augi®e with several modifications
proposed by Morgan et &.to eliminate possible energetic low frequencies that magrbificially introduced by the
turbulent inflow generation technique. The distance betvibe inlet and recycle stations 1§ times the incoming
boundary layer thickness. This distance is in the typicaijommended range.
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Figure 3. Comparison between RANS-predicted mean streamwe velocity profile and experimental measurement at/c = —2.14.

2. Grid Size for WRLES

The second problem is concerned with maintaining a reasegaiol resolution while keeping the total number of grid
points at a manageable level for the available computdti@saurces. A proper WRLES requires a significant grid
resolution in the near-wall region of the turbulent bourydayer. This is because energy-containing small eddidsein t
near-wall region need to be resolved and are not accounted¢arately by the SGS modeling. Our preliminary tests
on a canonical flat-plate turbulent boundary layer showtti@present methodology requires a streamwise resolution
of Axt ~ 25, a spanwise resolution @dfz* ~ 12.5, and a wall-normal resolution aky™ ~ 1 on the wall, where

the superscript- indicates wall units, in order to predict the wall skin figst accurately. This resolution approaches
the typical values used in DNS of turbulent boundary layéras will be seen, these values predict the skin friction
reasonably well (within a few percent) in the attached-flegion prior to separation.
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(a) Mean streamwise velocity profiles in wall units. (b) Streamwise turbulence intensity profiles in wall units.

Figure 4. Comparison of experimental inflow measurements wh flat-plate turbulent boundary layer data from DNS 24 and LES?®.

Maintaining this grid resolution all the way to the edge a thrbulent boundary layer in the present problem be-
comes prohibitively expensive because of computatiorsalnee limitations. A reasonable compromise is to maintain
the fine grid spacings only in the near-wall region, say ugbtmiéy ™ ~ 200, and then coarsen both the streamwise and
spanwise resolution by a factor of two in the outer regionyafram the wall. This is the strategy adopted here. In the
near-wall region, the turbulent boundary layer approaghiie hump is resolved usinyz™ ~ 25, Az ~ 12.5 and

50f22

American Institute of Aeronautics and Astronautics



Ay™ =~ 0.8 on the wall. Similar resolution is maintained for the bourydayer over the hump. The flow solver has
overset-grid capability, and the inner and outer regiodggcommunicate by means of sixth-order accurate overgit-gr
interpolation. Figuré shows a cross-section of the two-level overset-grid systeanstreamwise location upstream
of the hump and the instantaneous boundary layer structupesposed on the overset-grid. The small structures near
the wall are resolved by the near-wall fine grid while the seamuter grid seems appropriate for the larger struc-
tures away from the wall. A similar overset-grid strategyswaccessfully tested in the study of Tollmien-Schlichting
instability waves developing in a subsonic laminar boupdayer. Comparison with the solution of the parabolized
stability equations showed that the overset-grid techaidjd not introduce an error in the computation of instaypilit
waves.

Y
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z 0.089

Coarser grid away 0.040
from wall 0.034

Overlap region 0.001
between grids

Near-wall fine grid

(a) Overset-grid system. (b) Boundary layer structures (depicted in terms of instaetas
streamwise velocity contours) superposed on overset-grid.

Figure 5. Two-level overset-grid system at:/c = —2. For better clarity, the vertical scale in the left and right figures is not the same.

3. Acoustic Resonance and lts Effect on Turbulent Inflow G¢na

The third problem is concerned with the turbulent inflow gatien in the region upstream of the hump. In our initial
simulations, we attempted to employ a rescaling-recydeupniqué® to generate a turbulent incoming boundary
layer at about two chord lengths upstream of the hump. Horythis strategy did not work as expected in this region
because it did not produce a boundary layer with properimetes to those of a canonical flat-plate turbulent boundary
layer. Upon further investigation, an acoustic resonaianpmenon was determined to be responsible for this issue.
We found that the acoustic disturbances generated by thegibimg over the hump get trapped inside the closed
tunnel and excite an acoustic resonance, eventually givgsgto trapped waves in front of the hump, as depicted
in Figure6(a). These trapped acoustic waves continuously propageagand down in front of the hump, precisely
in the region where information is rescaled and recycledttier turbulent inflow generation. Upon impingement
onto the lower wall, they instantaneously create local esb/er favorable pressure gradients, thus violating the zer
pressure gradient assumption on which the inflow gener&icmique is based. Wind-tunnel acoustic resonance is a
phenomenon that is known to occur in physical experimerdshas previously motivated Ikeda et*8lto perform a
computational investigation of the wind-tunnel acoustisanance induced by the flow over a 2-D airfoil.

We considered two possible solutions to this problem. Ttst diption is to perform an auxiliary simulation for
a turbulent boundary layer developing on a flat plate and hiseihsteady information at a given streamwise station
(where the local momentum-thickness of the boundary layey correspond to a value such Bsy = 5000) from
this calculation as the inflow conditions for the hump sirtiola This option was in fact employed in the narrow-
span simulation. However, this strategy further incredsescomputational cost and complexity as it requires two
simulations to be carried out simultaneously. A second andpzitationally cheaper option is to suppress the acoustic
resonance by adding a damping term to the right-hand sideeofioverning equations. The damping term is only
active in the vicinity of the top tunnel wall and has the forfvdq — q), whereo is a function of the vertical distance
and controls the strength of the damping teenis zero in the region where the damping term is inactive. Tdmaping
term forces the numerical solutiog, in the chosen region toward a reference state, such as mgume-average of
the local flow,q. The region in which the damping term is applied is suffidieatvay from the turbulence-containing
region, hence the turbulent fluctuations in the attachedsaparated regions are not affected by this term. Figure
6(b) shows a schematic of this approach and demonstratethéhdamping term is indeed effective in suppressing the
acoustic resonance. With the troublesome trapped acauaties out of the picture, the inflow generation technique
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can work successfully in the region upstream of the hump hecketis no need for an auxiliary simulation. This
approach is used in the wide-span calculations.
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Trapped waves bouncing up and down
between two walls
(a) Waves trapped upstream of hump. (b) Suppression of acoustic resonance.

Figure 6. Acoustic resonance giving rise to trapped waves arits suppression by use of a special damping term.

C. Simulation Details

The experimental chord-based Reynolds number (Re., = 936, 000) is matched exactly in all simulations. The
simulations consider two spans@®fc and0.4c. The experimental Mach number@fi is also matched in the narrow-
span calculation, but is increasedita for the wide-span calculations to reduce the computatithmal. The time step

of all simulations i2.5 x 10~%¢/aes, Whereayes is the reference speed of sound. The reference freestreaditioas

are taken at:/c = —2.14. With this time step, the maximum CFL number is abblit Three subiterations per time
step are applied for the fully implicit time advancementestle. Our experience shows that the maximum CFL number
in the simulation should be kept below a maximum of approxaiye25 to ensure sufficient temporal accuracy from
the second-order implicit time advancement scheme. Thésdegermined by examining the skin-friction predictions
in a canonical flat-plate turbulent boundary layer obtawéd different CFL numbers.

A schematic of the computational domain is shown in Fighirelhis figure depicts part of the full streamwise
extent of the domain. To reiterate, the hump leading edgecitéd at:/c = 0, while the inlet boundary of the hump
domain is atc/c = —2.14. The physical region of interest in the hump domain exterm®w /c = 1.6. A sponge
zone is placed downstream of the physical region of interBlsé outflow boundary of the computational domain is
placed at the end of the sponge zone and is located@at= 4. The back pressure on the outflow boundary is set
slightly below the upstream pressure (see sedtioD.2). The top wall of the computational domain is treated as an
inviscid wall while viscous adiabatic boundary conditicare imposed on the lower wall. Characteristic boundary
conditions are applied at the outflow boundary. The inflowrutauy is based on characteristic relaxation boundary
conditions?! that inject turbulent fluctuations (generated by the inflemeration technique) in the boundary layer
while allowing upstream-traveling waves to exit the domaihe turbulent boundary layer approaching the hump is
resolved using0 to 100 points in the wall-normal direction. Flow acceleration ottee hump causes a significant
thinning of the boundary layer. The thinnest part of the lazug layer over the hump is resolved using a minimum of
about30 points in the wall-normal direction.

1. Narrow-Span Calculation

As mentioned earlier, the narrow-span calculation inv®le auxiliary simulation that computes the turbulent beund
ary layer developing over a flat plate and a main simulationtiie flow over the hump. An instantaneous plane
extracted from the flat-plate domain Bey = 5000 is injected as the inflow conditions on the upstream boundary
of the hump domain. The flow solver runs on the two domains k&meously and generates the inflow conditions
for the hump domain on the fly. The flat-plate domain contabwig90 million points while the wall hump domain
contains abou210 million points. The two-level overset-grid strategy is dger both domains. The static Vreman
SGS mode¥ is employed with a fixed model coefficient @025. Statistical results are averaged over alduthord

flow times, where one chord flow time unit (i.e/Urs) is defined as the time it takes for the reference freestream
velocity, Uret, to travel one chord length.
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2. Wide-Span Calculations

The wide-span grid is obtained by doubling the spanwisengxdéthe narrow-span grid while keeping the same
resolution as for the narrow-span grid. In the wide-spanuations, the tunnel acoustic resonance is suppressed by
the use of a damping term in the vicinity of the top wall and tilmbulent inflow generation is done upstream of the
hump within the main simulation. The number of points in thdexspan grid is about20 million. Because of the
increased grid size, the Mach number is increased fidnto 0.2 to speed up the calculation and help reduce the
computational cost. The time step is kept the same as thhgindrrow-span case.b x 10~*¢/arer). Doubling the
Mach number frond).1 to 0.2 means that the flow in the wide-span case convects twice agfasinflow and outflow
boundary locations are the same as those in the narrow-gis@n @& number of calculations are performed for the
wide-span case. These calculations reveal the effect of 8@, tunnel back pressure, upstream boundary layer
Rey and grid refinement on the numerical predictions. Stasibtiesults are typically averaged over ab8it/ Ures.

D. Results

We now examine the simulation results and make compariséhdive experimental measurements.

1. Narrow-Span Calculation

The results from the narrow-span WRLES are analyzed firsturig depicts the complex nature of the separated
flow in the aft portion of the wall-mounted hump. The initiathin separated free shear layer quickly gives rise
to the formation of large-scale structures, which in turmega the dynamics of the shear layer growth and dictate
the reattachment location of the separated flow. Figushows the skin-friction and pressure coefficients and the
comparison with the experimental measurement. The skdtiein and pressure coefficients are defined as

Twall P — Dref
Cp=+"2_ and Cp=t——o (1)
3 PreiUry T el

where 1y, is the viscous wall shear stress,and p, respectively, are the density and pressure, and the spbscr
ref denotes the reference freestream conditions/at= —2.14. The WRLES results are based on the mean flow
obtained by averaging the unsteady flow in time and along pla@.s The skin-friction comparison figure includes
the error bars for the experimental data. The overalldistribution and the separation-bubble length are predict
by the simulation reasonably well. The separation andaelthent locations in the simulation are determined by
the streamwise locations at whicty becomes zero. The predicted separation and reattachnoatiolss based on
this criterion are fairly close to the experimentally oh&et values. The separation location isat ~ 0.665 in the
experiment and at/c =~ 0.659 in the simulation, while the reattachment iszgic ~ 1.11 in the experiment and at
x/c = 1.095 in the simulation. The underprediction 6f; in the peak region prior to flow separation is primarily an
SGS model effect, as will be demonstrated in the wide-spknuiledions.

Of particular note is the plateau in the measured skin @nict0.1 < a/c < 0.2, which is predicted well by
the present simulation. This plateau is presumably caugeddtbndency toward relaminarization due to the strong
favorable pressure gradient in this region. Figgaencludes the relaminarization paramef&r, and shows that this
parameter reaches its peak just before the platedtyinThe original definition of the relaminarization parameter
is K = (v/U?2) (0U./8s), wherev is the kinematic viscosityl/. is the boundary layer edge velocity ands the
surface distance. For an incompressible flow, the follonéagation was derived foK in terms of C,, and the
Reynolds number by Bouraséaising Bernoulli's equation and boundary layer assumptions

K =

3/2
11 { L } 9Cy where s* =s/c (2)

" 2Re. |1- C, ds*

The relaminarization parameter shown in FigBags computed using this more convenient expression. Thergky
accepted critical value ok above which relaminarization can take pRios about3 x 10~5. The peak value ofC
in Figure8a (K ~ 4.87 x 1079) is greater than this critical value. Previous RANS and WMLlde&putations have
missed this plateau i'; because of their inherent inability to capture relamiretian.

Figure8b includes the experimentél, measurements taken with and without the end plates, andssthevwcom-
parison with the computational results. Since the simohaiticludes a specially contoured top wall that approximate
the end-plate effects, the comparison against the expetipegformed with the end plates is more appropriate. The
C), comparison displays reasonable agreement between th&asonuand the experiment. Although the simulation
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Figure 7. Complex structure of separated flow in the aft porton of the wall-mounted hump shown in Figurel. Instantaneous iso-surface
of Q-criterion 32 (constantQ = 15ayer/c) colored by streamwise velocity is plotted.

accurately captures the primary suction peak caused by fte@leration over the hump, the secondary peak region
within the separation bubble is somewhat underpredicteth®@pimulation. As will be seen, this underprediction of
the secondary peak is also present in the wide-span catmgat This suggests that the end plates attached to the
experimental model may have some effect on the separatiorevhich cannot be captured in a spanwise-periodic
simulation with the specially contoured top wall. This igpparted by the recent findings of Duda and Fangko
performed a wall-modeled simulation of the problem inchggihe end plates and obtained betfgrcomparison with

the experiment, although some differences remained indbernglary peak. That simulation captured corner vortices
at the junction of the end plates and the hump, which weredaamaffect the shape and size of the separated region.
Despite an accurate representation of the experimentg 8etheir simulation, th€’; curve missed the relaminariza-
tion plateau, overpredicted the peak region prior to sejwarand needed further improvement both in the separated
and attached regions.

Figures9 and10, respectively, plot the mean velocity and Reynolds stresgparisons at a number of streamwise
stations. The WRLES profiles are obtained by averaging thesadg flow in time (overl0 chord flow times) and
along the span. The first station is located: At = 0.65, which is just upstream of the separation location. The last
station is located at/c = 1.3, which is downstream of the reattachment location at ~ 1.11. The experimental
data shown in the comparisons have been obtained usingitm@ndional particle image velocimetry (PIV) on the
central plane. For clarity, a horizontal shift is appliedhe profiles displayed in each subfigure. The respectivé shif
noted for each subfigure denotes the distance between tlog titdis on the horizontal axis. These comparisons
display good overall agreement between the simulation gperanent. The Reynolds stress profiles in the simulation
appear to be more energetic than the experiment at the firgpagson station. We note that the attached boundary
layer just upstream of separation is rather thin and theraxpatal PIV measurement is not sufficiently accurate in the
near-wall region. These profiles show that flow separati@et®mpanied by a rapid growth of Reynolds stresses and
thickening of the separated shear layer. The separatedlaljeaexpands with streamwise distance and subsequently
reattaches on the lower wall.

Although these initial results from the narrow-span WRLE& &y encouraging, the calculations performed on
a domain with a doubled span predict an earlier reattachofahie separated flow, as will be seen. We discuss the
findings from the wide-span calculations next. The obs@matmade from the wide-span WRLES suggest that the
seemingly good predictions obtained in the narrow-span WRkight have been fortuitous.
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Figure 8. Skin-friction coefficient (C'y) and pressure coefficient ;) comparisons for the narrow-span WRLES.
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Figure 9. Mean flow velocity comparisons for the narrow-span WRLES.
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Figure 10. Reynolds stress comparisons for the narrow-spaWw/RLES.
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2. Wide-Span Calculations

The follow-up calculations performed on a domain with a spifi.4c show that the separation location in the wide-
span WRLES is located at/c ~ 0.661, which is fairly close to the experimentally observed vadfie:/c ~ 0.665.
However, the separated flow in the wide-span WRLES is founddtiaich earlier than expected. This clearly indicates
that the simulation predictions are sensitive to the spars@h in the calculation. Other WMLES studig’ also
show a similar trend in which increasing the span moves thtgaehment location upstream and the reattachment
location settles down with a span of ab®uc. A systematic study regarding the effect of SGS model, tlibaek
pressure, upstream boundary lay&y, and grid refinement is performed in an attempt to better gtded the reason
for the early reattachment observed in the wide-span case.

EFFECT OFSGSMODEL: We initially conjectured that the separated shear layiéalrconditions might have been
affected by the SGS model and this could in turn have affettiedspreading rate and the subsequent reattachment
location of the separated flow. To explore whether this migtieed be the case, two calculations are performed to
study the SGS model effect. The first one employs the statimdn SGS mod# with a fixed model coefficient

of 0.025. The second calculation is run as implicit LES (ILES), whibtes not employ any explicit SGS model,
but treats the dissipation of the numerical scheme as andimplGS model. For both cases, the upstream incoming
turbulent boundary layer is generated by adding the redytcidoulent fluctuations to the RANS mean inflow profile,
as discussed earlier in sectidhB.1. Figurellcompares thé’; distributions from the two calculations. Interestingly,
the peakC'; region prior to flow separation is predicted better by ILE®wHdver, the two predictions are nearly the
same everywhere else and the early reattachment locatmsdsearly identical. Because of its better oveal
prediction, ILES is used in all subsequent calculations.

experiment (with end plates)
0.008 - ——— Vreman SGS model
- —  implicit LES (ILES)

0.006

0.004

0.002

_0002_ L | | | |

Figure 11. Effect of SGS model orC'; distribution for the wide-span WRLES.

EFFECT OF TUNNEL BACK PRESSURE The tunnel back pressure in the earlier-referenced RANGiest was set
slightly below the upstream reference pressure in an ad lasmer and the possible back pressure influence on the
separation region has not been thoroughly examined. Thaleelations are therefore performed to study the effect of
tunnel back pressure. There is in fact an additional rakeofwa this parametric study. In the experiment, the hump
model was mounted on a splitter plate, which was then plageg glistance above the lower tunnel wall. To control
the flow underneath the splitter plate and prevent separatier the leading edge, a flap deflected upward was used
at a short distance downstream of the hump trailing edge egonvhether the downstream flow modifications caused
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by this flap might have influenced the flow reattachment paietperform three simulations in which the tunnel back
pressurepy, is respectively set tp, /prer = 0.998,0.999 and1.001, wherepes is the reference upstream pressure (at
x/c = —2.14). For all cases, the upstream incoming turbulent boundaygrlis generated by adding the recycled
turbulent fluctuations to the RANS mean inflow profile, as désed in sectioiil .B.1. Figurel12(a) shows the’;
comparison between the casegfprer = 0.998 and0.999. According to this figure, the tunnel back pressure does
have some effect on the reattachment location, with thatjidpwer back pressure creating earlier reattachmemt tha
the slightly higher back pressure case. To see whetherrénd will continue to hold, we increagg/prer to 1.001

and examine the corresponding comparison withprer = 0.999 in Figure12(b). We see that the difference between
these two cases is minimal. These findings suggest that tepgoassure effect is not strong enough to fully explain
the early flow reattachment.

EFFECT OF INCOMING UPSTREAM BOUNDARY LAYER The possible influence of the upstream turbulent boundary
layer conditions on the reattachment location is investid@ext. As discussed earlier in sectltinB.1, we consider
two approaches to define the upstream boundary layer conslitiThe first approach matches the reported upstream
skin friction in the experiment and hence s&lsy = 5000 for the incoming boundary layer upstream of the hump.
Available mean velocity and Reynolds stress profiles froeNS of a canonical flat-plate turbulent boundary 1ayer

at Rey = 5000 are used for the inflow generation technique in the first agghto The second approach, on the other
hand, takes the mean velocity profile available from RANSi¢Wwimatches the reported experimental velocity profile
fairly well) and adds the turbulent fluctuations to this meaofile using the inflow generation technique. We note
that the skin friction of the RANS profile does not exactly atathe reported experimental value. Both cases are run
with a back pressure gf, /prer = 0.999. Figure13 shows theC'; comparison between the two inflow conditions. We
observe that the first approach creates a slightly highein the region upstream of the hump, which also seems to
affect theC'y values in the peak region prior to separation. Thevalues in this region are slightly higher in the first
approach. Nevertheless, the overall effect on the sephbaaie reattachment regions appears minimal and both inflow
conditions cause a nearly identical reattachment point.

EFFECT OF GRID REFINEMENT The parametric studies conducted so far with regard to @8 Siodel, back pres-
sure and upstream boundary layer conditions reveal relgtiminor effects that do not completely explain the early
reattachment observed in the wide-span calculation. Tsgmwation prompted us to next turn our attention toward
a grid refinement study. After an inspection of instantaseftaw structures, we determined that a grid refinement in
the wall-normal direction would likely be beneficial bothtive attached and separated regions. Hence, in the first step
of grid refinement, we increase only the number of grid poimthe wall-normal direction both in the attached and
separated regions, while keeping the minimum grid spacinthe wall the same as before. By readjusting the grid
stretching ratio, we obtain a factor fto 3 wall-normal grid refinement both in the attached and sepdraggions.
The refined grid contains abo&50 million points total. The streamwise and spanwise grid spgcin the refined
grid are the same as those in the original wide-span griditaat20 million points. For both cases, the upstream
incoming turbulent boundary layer is again generated byngdtie recycled turbulent fluctuations to the RANS mean
inflow profile and the back pressure is sept@prer = 0.999.

Figure 14(a) shows the effect of grid refinement on tbg distribution. We observe that grid refinement has
essentially no effect o’y in the attached region but the curve is shifted downstreatherseparated flow region,
bringing the reattachment location closer to the expertmétowever, the predicted reattachment location on the
refined grid still falls short of the experimental locatiofhis suggests that another level of grid refinement may be
necessary. The effect of grid refinement on é)edistribution is shown in Figuré4(b). The primary suction peak
remains unaffected by grid refinement, while the secondeak plisplays a small downstream shift in accordance with
the delayed flow reattachment.

Figuresl5and16, respectively, plot the mean velocity and Reynolds stresgparisons for the wide-span WRLES
on the original and refined grids. The first observation weearfadm these two figures is that grid refinement in the
wall-normal direction does not have a significant impactlegredicted mean velocity profiles and Reynolds stresses
at the streamwise locations shown. The mean velocity fieddlipted on the refined grid does appear to have a
slight improvement at some locations. The profiles takerhéndttached region just before flow separation (i.e., at
xz/c = 0.65) show nearly identical Reynolds stress distributions Fer two grids, suggesting that the wall-normal
grid refinement was probably unnecessary in the attachednredlevertheless, the grid refined in the wall-normal
direction predicts a later reattachment location, as sheaviier in the skin-friction distribution comparison. Hee
observations lead to the possibility that perhaps the inggtarid resolution in the near-wall region of the separatio
bubble, rather than the improved grid resolution in the s#pd shear layer region, is responsible for the delayed
reattachment. Figur&7 provides evidence for this possibility. This figure depiitte mean velocity vectors of the
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Figure 12. Effect of tunnel back pressure orC'y distribution for the wide-span WRLES.
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Figure 13. Effect of upstream boundary layer onC/ distribution for the wide-span WRLES.

reversed flow region in the vicinity af/c = 1. The reversed region of the separation bubble creates &dhindary
layer on the bottom wall. We see that the vector magnitudetheroriginal grid rise rather rapidly with normal
distance from the wall, indicating that the original gridymet have had sufficient resolution to properly resolve this
thin boundary layer. The refined grid clearly resolves thgan better than the original grid does since it contains a
greater number of points in the near-wall region where tttoremagnitudes change rapidly. A better resolution of
the reversed flow near-wall region may have been the maiorfaesponsible for the later reattachment obtained on
the refined grid.

The second observation we make from Figlifeis that the wide-span calculations predict considerabiyéi
Reynolds stress levels within the separation bubble, apaced to the predictions of the narrow-span WRLES shown
earlier. In particular, the streamwise Reynolds stressl$ewm the wide-span WRLES are much higher throughout the
whole separation bubble. Despite such differences in tlya®tds stress levels, both the narrow-span WRLES and the
refined grid wide-span WRLES predict reattachment locatibasare quite closer(/c ~ 1.095 versuse/c =~ 1.091).

This is puzzling, as one would expect the wide-span WRLES todre reliable than the narrow-span WRLES, yet the
narrow-span WRLES shows better agreement with the expetai@sults when it comes to the Reynolds stresses.

There could be a number of factors that contribute to therejimmncy seen in the Reynolds stress predictions. The
first factor is the statistical time sample difference betwéhe two cases. The wide-span case was time-averaged
over 30 chord flow times while the narrow-span case was averagedlOwehord flow times. A longer time average
might affect the narrow-span WRLES Reynolds stresses to gegree, but any possible shift in the Reynolds stresses
resulting from a longer time sample is unlikely to be as dr#ares the considerably higher levels seen in the wide-
span case. The second factor is the Mach number mismatcledetive two cases. As mentioned earlier, the Mach
number was increased 02 for the wide-span case to speed up the calculations. Thébmssach number effect
will be further investigated in future work. On a relatededti et al®® recently performed simulations of the flow
over a backward-facing step at Mach number$.@f 0.3 and0.4, and found that the Mach number increase in the
given range causes a faster downward bending of the segafa¢ar layer, thus leading to an earlier reattachment.
The planned simulation at Mac¢h1 will help determine whether our problem displays a simil@h&vior between the
Mach numbers 06.1 and0.2. The simulation at Mach.1 will also examine the effect of statistical sample size on
the Reynolds stresses in more detail. Differences in ugstieonditions between the simulation and experiment may
be the third contributing factor to the Reynolds stressrdigancy. Unfortunately, there are no detailed experinhenta
measurements taken in the attached region well upstreahecfdparated region, and hence we cannot judge how
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Figure 14. Effect of grid refinement onC'y and C}, distributions for the wide-span WRLES.
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Figure 15. Mean flow velocity comparisons for the wide-span WRES on the original and refined grids. Symbols denote the expémental
measurement.
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Figure 16. Reynolds stress comparisons for the wide-span WIS on the original and refined grids. Symbols denote the expémental
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well the simulation and experiment agree in that region.siviig end-plate effects in the simulation might be another
contributing factor. To reiterate, the distance betweendhd plates in the experimentlistc. We are not clear on
whether the experimental span is wide enough for the endpladt to influence the statistical data measured on the
central plane. A repeat of this benchmark experiment withwithout end plates (and perhaps with different spans)
that can provide additional detailed measurements botieiattached and separated regions would be very useful for
future computational investigations and help us betteetstdnd the end-plate effects.

Despite the Reynolds stress discrepancy, the skin-friatiove predicted in the refined wide-span WRLES shows
reasonable overall agreement with the experiment. Theagma-bubble length measured in the experimefatdg5c.

The best result from the wide-span WRLES predicts the séparhubble length a8.43¢. This translates to an error
of about3.4% in the separation-bubble length relative to the experiadestiservation.

The fact that the narrow-span WRLES predicts a longer rdatiaot length than the doubled span case (i.e.,
original wide-span WRLES performed af20 million points) suggests two likely sources of numericaberand
possible error cancellation at play in the narrow-span WRLEf first error originates from the narrow span, which
might have constrained the growth of large-scale strustiméhe separated shear layer. This would in turn influence
the spreading rate of the shear layer and the reattachnmtidn. Doubling the span reduces this constraint on the
growth of large structures, causing the separated flow tw dgagter and reattach earlier in the original wide-span
WRLES. Grid refinement in the wall-normal direction is foundrnprove the reattachment location prediction of the
wide-span WRLES. This means that the wall-normal resolutiaihe separated region of the narrow-span WRLES
was also insufficient, because the narrow-span WRLES haaihe grid resolution as the original wide-span WRLES.
Our observations therefore suggest that these two mairsginsufficient span and insufficient grid resolution) ntigh
have canceled each other and fortuitously produced godatigtiens in the narrow-span WRLES.
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Figure 17. Mean flowfield velocity vectors of the reversed regn in the vicinity of z/c = 1.

V. Conclusions

A number of wall-resolved simulations have been perfornrethis study for the NASA wall-mounted hump
problem, which has proven to be a challenging benchmark fomgbe numerous turbulence simulations. The best
result from the wide-span WRLES shows a difference of aBolff; in the separation-bubble length relative to the
experiment. The current simulations also provide good alve@rediction of the skin-friction curve, including the
relaminarization observed over the front section of the juihis relaminarization region was not captured in the
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earlier studies of the problem by other researchers.

A systematic study regarding the effect of domain span, S@8e tunnel back pressure, upstream boundary
layer Rey and grid refinement is performed. The separation-bubblgtieis found to be sensitive to the span of the
domain. The problems that emerged during the course of thik are discussed and viable solutions are presented.
The comparison between a calculation done with the Vremad ®@del and another one performed as ILES shows
that the SGS model mainly affects the peak skin-frictioriaegrior to flow separation, but does not alter the reat-
tachment location. ILES predicts the peak skin-frictiogioa better than Vreman SGS model does. The details of the
upstream incoming turbulent boundary layer determine kivefsction upstream of the hump, which then influences
the peak skin-friction levels prior to separation. The tiffedent upstream boundary layer conditions cause a simila
reattachment point. The tunnel back pressure has a smedit & the reattachment location. The more significant
change in the predicted reattachment location in the widg$VRLES is seen after grid refinement in the wall-normal
direction. Evidence shows that the improved grid resolutiothe near-wall region of the separation bubble, rather
than the improved grid resolution in the separated shear kegion, might be responsible for the later reattachment.

Although the Reynolds stress predictions within the sefardubble are found to be in better agreement with the
experiment in the narrow-span WRLES, the findings suggesntiraerical errors from different sources might have
canceled each other and fortuitously produced good priedg:t Despites50 million grid points used in the largest
wide-span WRLES, some differences between the predictioti®gperimental observations still exist. The possible
Mach number effect on the Reynolds stresses predicted byitteespan WRLES and the effect of additional grid
refinement in the near-wall region of the separation bublagant further investigation. The potentially significant
end-plate effects in the experiment also need to be inastiigfurther. Our experience and observations in this study
reaffirm the daunting challenges associated with the ptiediof high Reynolds number separated flows. A repeat of
this benchmark experiment with and without end plates (@artaps with different spans) that can provide additional
detailed measurements both in the attached and separagiedsevould be very useful for future computational
investigations and help us better understand the end-gfi@tets.
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